We hereby introduces electrospun resorcinol-formaldehyde sol based carbon fibers as anode material for Li-ion batteries. To ensure the electrospinnability of resorcinol-formaldehyde sol, we blended it with poly-methyl methacrylate in 2:1 (v/v) ratio followed by controlled pyrolysis. As-prepared thin carbon fibers were then characterized by Raman & Infra-red spectroscopy and scanning electron microscope to examine the crystallinity and morphological changes during the carbonization. Later, we explored the electrochemical properties of these carbon fibers to test them as a potential anode material for lithium ion battery. We found a significant reversible capacity (624 mAh/g) with reasonable higher first cycle efficiency of 65%.
Introduction
Li-ion batteries have drawn a wide attention of research community in last few decades, as there is an urgent need for supplying efficient energy storage systems rather than looking for fossil fuels in future. Initially, Li metal was used as anode material in Li-ion batteries. However, the usage of this Lithium metal as an anode was discarded because of dendrite formation over safety issues [1] . Later, Li Metal was replaced by carbon as an anode material. These carbon materials are broadly divided into two types, graphitic and non-graphitic hard carbons. Each type of carbonaceous materials have their own advantages and disadvantages as well. Graphitic carbons have highly oriented graphene layers whose theoretical capacity is limited to 372mAh/g [2] . On the other hand, non-graphitizable hard carbons have disoriented graphene layers whose specific capacity is significantly higher than graphitic carbons due to the presence of nanopores. In the past decade, there were numerous reports on organic and biomass derived hard carbon precursors [3] [4] [5] [6] . Nano-structuring of carbon materials helped in improving the C-rate capabilities by having shorter Li-ion diffusion lengths and high accessible surface area [7] . Electrospinning is a broadly known technique for nanofibers synthesis where the fiber diameter, length, and various morphological changes depend on the various inputs like power supply, flow rate, solution concentration, the distance between electrodes and needle gauge [8] . This technique is scalable and allows various polymer precursors to spin. However, very few polymer nanofibers such as polyacrylonitrile, SU-8 and Polyvinyl alcohol derived carbon fibers and their composites were used as anode material for lithium ion battery. Among the other potential precursors, resorcinol-formaldehyde (RF) gels are one, which are also used as electrodes for energy storage devices however most of them are either aerogels or cryogels due to their excess specific surface area [9] . RF xerogels were however ignored until recently when many porous and non-porous but externally higher surface area forms of it were synthesized [9] [10] [11] . Recently, our group have used reverse emulsification followed by sedimentation approach to prepare RF xerogel derived sub-micron carbon particles and tested them successfully for lithium ion intercalation [12] . Here to the best of our knowledge, we introduces electrospun RF xerogel fibers for the first time as a potential anode material for Li ion batteries. As RF sol electrospinnability is poor, it is suggested to blend it Poly (methyl methacrylate) (PMMA) [13] . As the RF fibers were electrospun directly on to stainless steel (SS) wafers, which were used as a current collector for electrochemical testing, this approach allowed us to test these materials without using any binder. This also adds to the electrochemical performance which was found to be superior to any other form of this RF xerogel material [12, 14] as tested using Galvanostat potentiostat charge/discharge experiments. Based on the lithium ion intercalation capacity, RF xerogel derived thin carbon fibers therefore can be considered as high performance anode material for next generation Li ion batteries.
Experimental Section

Materials:
All the chemicals, Resorcinol, formaldehyde 35 wt% , poly (methyl methacrylate) (PMMA), dimethylformamide (DMF), acetone (purity 99%), hydrochloric Acid (HCl) (35%), LP-30 electrolyte (1 M LiPF6 in 1:1 v/v mixture of ethylene carbonate and diethyl carbonate) were procured from Merck, India. Lithium foil (99.9% trace metal basis) was procured from Sigma Aldrich, India. We used one-inch diameter circular stainless steel (SS) wafer as a current collector and procured the same from MTI corp., USA. All chemicals were used directly without any further modifications.
Procedure:
Initially, RF sol was prepared by mixing resorcinol and formaldehyde (4:1 molar ratio) for 1 hour and kept solution undisturbed for 5 hours for enhanced viscosity. Later 11 ml of acetone was added and stirred it for 15 minutes to get a clear solution. Then 20 µl of HCl was added as an acidic catalyst to sol using micropipette, to enhance the rate of the reaction. A separate 25 wt% concentration of PMMA solution was prepared by dissolving PMMA in DMF solvent. Thus, prepared RF sol was blended with as-prepared PMMA polymer solution (2:1; v/v). This blend of RF sol and PMMA solution was then used as precursor material for electrospinning (Make:E-spin Nanotech Pvt. Ltd., India). First, the precursor solution was taken in a 5 ml plastic syringe and a 12 kV voltage was applied via metallic needle tip attached to the syringe. SS wafer (1 inch diameter) was attached to the collector plate with carbon tape at the distance of 10 cm from needle to collect the thin RF-PMMA fibers. Once the fibers were deposited, they were first stabilized in air at 150° C. Further, pyrolysis was carried out at 900°C in a tubular furnace under inert (nitrogen) atmosphere to finally yield carbon fibers.
Electrode Preparation
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Carbon fibers obtained on SS current collector was directly used as a working electrode without any binder and lithium foil was used as a counter electrode. All these components along with Swagelok cell were transferred into the glove box. Inside the glove box glass microfiber filter (Whatman, Grade GF/D) filled with electrolyte was placed between two electrodes and it served as a separator. Thereafter, the packed cell assembly was kept undisturbed for 12 hours to complete the soaking.
Characterization
Field Emission Scanning Electron Microscope (FESEM Hitachi model S4300SE/N) was used to study the morphological changes in the fibrous structure. Fourier Transform Infrared Spectroscopy (FTIR, Bruker Tensor 37) was recorded in the range 600-4000 cm to observe the changes in functional groups. The Potentiostat/ Galvanostat procured from Bio-Logic Science Instruments; Model VSP was used to study the electrochemical testing of the packed half-cells.
Results and discussion
Surface Morphology:
Morphology of the as spun RF-PMMA blend polymer fibers, after stabilization and carbonization respectively was investigated FESEM. From the Fig. 1 , it was observed that fiber morphology was retained even after both stabilization and pyrolysis but fibers after pyrolysis shrinked to nearly 38%. The average fiber diameter of as-spun RF-PMMA fibers was measured to be 870.9 ± 91.7 nm while the same for carbon fibers was found to be 542.0 ± 45.1 nm. Due to release of volatile matter during pyrolysis, surface of the carbon fibers seems to be more rough as compared to as-spun fibers. 
FTIR Analysis:
The functional group analysis was performed using FTIR spectrum as shown in Fig.2 . The broader band at 3437cm corresponds to -C=O (ester carbonyl group) stretching. The presence of -CH2 bending may be attributed to peak at 1453cm -1 . The peak at 748cm -1 can be ascribed to alpha methyl group vibrations. The significant peak observed in the case of carbon fibers is at 2347cm -1 which is attributed to -C≡C-which could be formed during carbonization [15, 16] . Raman spectrum was recorded for RF-PMMA derived carbon fibers on SS wafer as shown in Fig.3 . The characteristic D band around 1320cm -1 signifies non-graphitic carbon content, which corresponds to A 1g breathing mode. Further, the characteristic G band, which appears at about 1601 cm -1 signifies graphitic carbon content and corresponds to E 2g mode [17] . In-plain Crystallite size (La) was calculated as 5.3nm using the empirical formula La=4.4(IG/ID) [17] that again confirms the amorphous (glassy) nature of RF-PMMA derived carbon fibers.
Electrochemical testing
Galvanostatic Charge/Discharge Cycling at 0.1 C-Rate. The galvanostatic charge-discharge experiments were carried out for carbon fibers on SS wafer as an anode in half-cell mode. The initial discharge capacity was found to 961 mAh/g with initial coulumbic efficiency 65% at 0.1 C rate. For carbon materials, this first cycle efficiency is quite significant, as most of the carbon materials are known for poor initial cycle efficiency and therefore large irreversible capacity. The irreversible capacity from the initial cycles is primarily due to irreversible consumption of Li-Ions for the formation Solid Electrolyte Interphase (SEI) layer below 1 V due to electrolyte decomposition and formation of lithium oxides and carbonates on the surface of carbon [18] .
Further, for next 20 cycles, reversible capacity was almost stabilized at 550 mAh/g which was not only significantly higher than theoretical graphitic carbon ~ 372 mAh/g but also than any other form of RF xerogel materials tested as anode. Electrochemical performance of the cell at different C-rates. In addition to continue cycling at 0.1 C rate, we also tested RF derived carbon fiber electrode for lithium insertion capacity at different current densities (0.1, 0.2 and 0.5C respectively). As reported above, for 0.1C, first cycle efficiency was 55%. For 0.2C rate, the reversible capacity was found to be 428 mAh/g with coulombic efficiency as high as 99%. Further, at 0.5C rate, reversible capacity was stabilized at 268 mAh/g. After higher C-rates, when the cell was connected again at 0.1 C, it retained 70% of its original capacity and was further stabilized at 330 mAh/g. Thus, it can be observed that at higher C-rates also, this RF xerogel derived electrospun carbon fiber electrode showed reasonable better performance in terms of specific capacity and efficiency. This may be attributed to facile insertion and de-insertion of lithium ions into nanofibers considering the porous structure of electrospun fabric.
Figure5: Galvanostatic charge-discharge at different c-rates
Summary
We electrospun RF xerogel along with PMMA polymer into sub-micron fibers and obtained carbon nanofibers upon pyrolysis. These carbon nanofibers as deposited on SS foil were directly tested as anode material for lithium ion battery in half-cell configuration without any binder. Electrochemical performance at lower (0.1 C) as well as higher C rates (0.2 and 0.5C) was found to be reasonably better than any other form of RF xerogel as reported earlier in the available literature. There is scope to improve the performance further by adding the metallic nanoparticles and/or carbon nanotubes and graphene to form composite carbon nanofibers. Even the pyrolysis temperature can be tuned further to improve the crystallinity and thus achieve more stable performance for their use as promising anode material for next generation lithium ion batteries.
